Abstract-In this paper, a new method is presented to test the loading effectiveness of the semi-physical test system based on the torsional vibration system, which is on behalf of the ground test equipment driven by solar panels. The dynamic model of the torsional vibration system is established, and the rationality of the scheme is verified through simulation analysis; by comparing the loading torque curve of the dynamic model with the curve generated by the physical object, the effectiveness of the semiphysical test bench is validated. The experimental result shows the semi-physical test bench has high loading precision and meets the requirements of experiments. By evaluation on the equivalent dynamic model with known characteristics, the characteristics of the test bench become clear, so this method has a certain reference value for performance test of other semi-physical test equipment.
INTRODUCTION
China will have its' own space station by 2020, and as the main energy source of the space station, raising the ratio of area exposed to sunshine for solar panels becomes significant, so the spatial sun orientation equipment is widely used. The spatial sun orientation equipment links the space station and the solar panels together, and drives the trusses and solar panels to rotate and realize the sun orientation function. To evaluate the reliability of movement control performance and work performance of the sun orientation equipment on orbit, it is necessary to build ground test bench to simulate the dynamic characteristics of the sun orientation equipment.
References [4] and [6] give a glance to driving mechanism of solar panels from the perspective of control strategies and structural design; references [9] and [10] introduce reliability and test method of torque characteristics about solar panels' driving mechanism, but give no mention to loading effectiveness of ground semi-physical test equipment. Loading effectiveness can be validated by comparing loading torque curve with its counterpart, the torque curve produced by the physical object. Due to the influence of gravity and air resistance, it is very hard and costly to get actual loading torque curve by actuating solar panels and its' trusses with ground sun orientation equipment.
Pointed to the above situation, an innovative validation method based on torsional vibration system is raised out, and its' torque and frequency can be changed by using different torsion bars and inertia plates to simulate solar panels under certain frequencies. By simulation and analysis, the rationality of the scheme is verified. Through experiments, loading effectiveness of ground semi-physical test bench is verified.
II. VALIDATION PRINCIPLE OF SYSTEM LOADING EFFECTIVENESS

A. System Work Principle
The test system of sun orientation equipment which is used on space station is a semi-physical simulation system. The loading motor produces the loading torque, which is on behalf of the loading torque produced by solar panels and is exerted on the actuation mechanism. By investigating into the dynamic characteristics of the actuation mechanism when exerted by different flexible load under diverse work mode, the dynamic performance of sun orientation equipment when driving flexible load can be assessed. The sun orientation semi-physical test bench is mainly composed of sun-oriented unit, loading unit, measurement and control unit, dynamic simulation and computation unit and so on, and its' simplified structure chart is shown as Fig.1 . Its' work principle can be described as follows: the load unit and the sun-oriented unit are connected to a fixed part rigidly, and the controller drives the sun-oriented unit to rotate, at the same time the angular displacement sensor measures the real time angular displacement of the sun-oriented unit, and transfers the data to the dynamic simulation and computation unit, and then that unit calculates out the expected loading torque and translates the loading torque into torque control signal, which is sent to the loading motor to simulate the torque loading process. For the dynamic simulation and computation unit, its' input is angle, angular velocity and angular acceleration of the sun-oriented mechanism, and its' output is the loading torque. The loading torque measurement sensor measures the real time loading torque and turns it back as feedback signal to the loading motor to form a closed-loop loading torque control, which will raise the loading precision of the loading motor. Disturbance torque measurement sensor measures the real time disturbance torque exerted on the space station by sun orientation mechanism.
B. Principle of loading effectiveness verification
Assessment experiment on loading precision uses single degree of freedom torsional vibration system with known characteristics to simulate a certain solar panel with first order natural frequency. Driving motor and the torsional vibration system are connected rigidly, and the torque curve exerted by the driving motor can be measured precisely during the driving motor rotate. In this system, the driving motor can be used to simulate the sun orientation mechanism, between the driving motor and the torsional vibration system is an angular sensor and a torque sensor, recording the real time angle, angular velocity, angular acceleration and torque, among which the torque curve will be used as standard verification curve. When the driving motor is connected to the loading system rigidly, the driving motor runs at the same speed as it drives the torsional system, so the loading motor applies reaction torque to the driving motor as the torsional vibration system does, and the loading torque can be derived by dynamic model of the torsional vibration system. The loading torque curve can be precisely measured when the driving motor rotates, the measured torque curve is compared with the loading torque curve, and then the loading precision can be calculated. If the two curves are of great uniformity, that means the loading unit which is the substitute of the solar panel and its' trusses meets the requirements.
III. TORSIONAL VIBRATION SYSTEM DESIGN AND ITS' DYNAMIC MODEL
A. Torsional Vibration System Design
Due to the high inertia of the large truss and the solar panels on its' two sides, it is very hard for the torsional vibration system to provide the inertia of such level of magnitude. To build a torsional vibration system with such big inertia, and at the same time achieve high precision by simulating spatial non-friction state with air flotation equipment, it will be a complex, huge and costly project. It seems feasible to simulate large torque load by raising the angular acceleration of low inertia object, however it is impossible to verify the scheme in such a short time, because in a very short time the loading motor will reach its' highest speed.
Through above analysis, a two-end constraint scheme of the torsional vibration system is raised out, which is shown in Fig. 3 . The torsional vibration system is composed of two torsion bars, the torsion bar 1 at the low end is actuated by a motor, and the torsion bar 2 at the top end is fixed. The deformation of the torsion bar 1 and 2 is the main strain produced by driving torque, and the inertia of the torsional vibration system is reduced. In this scheme, the verification of loading precision can be done in a large range of loading torque, and a large range of loading frequency. The stiffness and inertia of torsion bar 1 determines the system's natural frequency and load torque, whereas the torsion bar 2 has a relatively low influence on them, so torsion bar 1 is the key point in design. Let the stiffness of torsion bar 2 be unchanged, and then adjust the stiffness and inertia of torsion bar 1 to adjust the natural frequency and the load torque of the vibration system. Because of the large range of system frequency, we choose four typical frequencies as verification frequency, which are 0.5Hz, 1Hz, 1.5Hz and 2Hz. On the basis of satisfying frequency range, the vibration system must have 1Nm turbulence torque at least. Let 
B. Dynamic model of the torsional vibration system (1).Establishment of the dynamic model in complex domain
The torsional vibration system is composed of driving motor, inertia plate, and two torsion bars. Denote the stiffness of torsion bar 1 and torsion bar 2 as 1 K and 2 K , the inertia of inertia plate as s J , and the output angle of driving motor as m .
When the driving motor rotates at even speed, the reaction torque applied by torsional vibration system is denoted as m T .
Because the friction force of the air flotation bearing which bears the inertia simulation equipment is very small, the air resistance force can be neglected, and then the schematic diagram of the torsional vibration system can be depicted as Fig. 4 shows. (1) and (2) can be gotten: 
From equation (7) we know, the torsional vibration system's natural frequency is a function of the sum of torsion bar 1 and torsion bar 2's stiffness and inertia of the inertia plate, and the disturbance torque is a function of the ratio of 1 K and 2 K and the inertia of the plate.
(2).Establishment of the Dynamic model in time domain
In the verification experiment, the driving motor generates the torque which can be calculated by the dynamic model of the vibration system. Thus, the dynamic model of the torsional vibration system should be established.
Take the inertia plate as object of study, according to theorem of moment of momentum, equation (8) can be gotten:
The reaction torque to the driving motor applied by the torsional vibration system can be gotten:
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The rotation angle of the motor is measured by circular grating, and s can be calculated out according to (9) . Finding the solution of the reaction torque of the torsional vibration system is equal to find the analytical solution of the secondorder differential equation: ( ) m t is not equal to zero. The speed of the driving motor can be seen as the superposition of an even rotation and a disturbance rotation, and the reaction torque to the driving motor applied by the torsional vibration system can be seen as the superposition of a sine torque and a slope torque. The slope torque is the reaction torque which makes the torsion bar 1 and torsion bar 2 deform, and the sine torque is produced by the vibration of the inertia plate.
Next, set the initial value of the second-order differential equation: (0) (12) into equation (10):
The special solution can be gotten through equivalent coefficient method:
So the general solution of the non-homogenous equation can be gotten: 
Equation (21) is equal to:
The disturbance torque produced by speed fluctuation is described as: (23), the reaction torque can be rewritten:
The speed fluctuation of the driving motor is produced by its' angular acceleration, and the acceleration transmit to torsion bar 2 and the inertia plate through torsion bar 1, thus leading to the change of torque applied to the motor by the torsional vibration system. Under proper presumptions, when the speed fluctuation exists, the analytical solution of the torque exerted to the driving motor can be written as: In KH, the two ends of the torsional vibration system are fixed, the driving motor is joined to the rotation part by the gear box, and the rotation part is joint to the torsional vibration system by a torsion spring. The input of the loading system is the loading torque signal provided by the host computer, its' output is an actual torque, and a double closed-loop control strategy is used to control the loading motor, in which the torque and the current is the feedback signal.
Then the co-simulation model is built, and set the data exchange cycle 2ms. When the signal is 0.5Hz the simulation result comparison is shown in Fig.5 , and disturbance torque comparison is shown in Fig. 6 . When the two systems are driven with the same speed, the biggest loading torque can be up to 50Nm, and the disturbance torque amplitude is about 2.5Nm. The error of loading torque under the two situations is less than 0.13% of the total loading torque and less than 2.6% of its' amplitude, which also means the error of loading torque is below 0.065Nm. The cosimulation is conducted under several frequencies, and the result shows similar uniformity, which shows the correctness of the dynamic models.
V. EXPERIMENTAL VERIFICATION OF LOADING EFFECTIVENESS
The loading capacity, loading precision, the response speed and the loading bandwidth of the loading unit are critical index to verify the loading effectiveness of the semi-physical test bench. The loading effectiveness of the test bench can be verified by comparing the measured torque of the torsional vibration system with that of the loading system. Based on actual torsional vibration system model, the theoretical model is discretized in a signal composed of a slope signal and a sine signal, and equation (27) describes the ideal discretization model:
To avoid noise disturbance, the amplitude of the disturbance torque is chosen to be 5Nm, and Fig.9 shows the physical object of the torsional vibration system.
In the experiment, Fig.7 and Fig.8 show the measured torque curve and its' error curve According to torsional vibration system model and the measured real-time rotation angle, dynamic simulation model output the command torque, which commands the loading unit. By analyzing the system's step and sine response under several amplitudes, the stiffness characteristic of the loading unit is considered to be excellent. The response curve of the system is similar to that of the loading motor, if the amplitude of the signal is increased, the step response time is increased, and the overshoot is decreased. Higher the system' overall stiffness is, lower the response time is. Fig. 10 shows the physical object of the loading system. The output torque and its' error is gotten when the loading system's amplitude is 5Nm, and the frequency is 0.5Hz, which is shown in Fig.11 and Fig.12 . Based on the semi-physical test bench is the torsional vibration system and the loading system tested, and under two situations the torque deviation is less than 0.23% of the overall loading torque, in which the result shows good uniformity, which shows the test bench comply with the experiment requirement.
VI. CONCLUSION
This article analyze the research development of the solar panel's driving mechanism, and raise out a loading effectiveness verification scheme of a sun orientation semiphysical test bench based on a torsional vibration system. The experimental result shows good loading effectiveness of the test bench and the experimental requirement can be satisfied.
The loading effectiveness of the test bench is verified by analyzing the equivalent physical object. This method can offer some reference for testing the characteristics of semi-physical test system, especially in decreasing complexness of test and budget control.
